The time course of the relationship between force, shortening velocity, and length during shortening was examined in mammalian heart muscle in calcium (Ca)-containing solutions and solutions with strontium (Sr) substituted for Ca by imposing load clamps of various amplitudes at various times during external shortening. The onset of this force-velocity-length relationship was measured by abruptly unloading the muscle at different times to nearly zero external load-by zero load clamping the muscle-under conditions of optimal damping; the subsequent unloaded active muscle shortening velocity was then analyzed with respect to time and length. In Ca-containing solution, the unloaded velocity in the length range around 90% of Lm,x rose within 16% of the time required to reach peak isometric force to a maximum level appropriate to a given contractile state. Subsequently, the force-velocity-length relationship was independent of time at any load over a well-determined portion of external shortening. In Sr-containing solution, unloaded active velocity rose much slower to reach a steady state after 30-35% of the time to peak force, and the time independence of the force-velocity-length relationship was delayed until after this time. In Na-free Sr-containing solution, maximum unloaded shortening velocity and the time-independent portion of the force-velocity-length relationship were achieved again within 20% of the time to peak force. The effects of substitution of Sr for Ca thus resemble those of caffeine on mammalian heart muscle. These findings suggest a close relationship between the time course of the force-velocity-length relationship and the degree of activation.
• A description of the mechanical performance of twitch contractions of heart muscle requires an analysis of at least four variables: force, length during shortening, velocity of shortening, and the time after activation (1, 2) . The onset of activation in heart muscle is relatively slow when it is defined in terms of the development of force measured by stretch methods (3, 4) or when it is defined in terms of the velocity of shortening measured after quick release to low loads (5, 6) . However, phase-plane analysis of shortening velocity as a function of length during shortening at a constant total load has provided a new way of measuring the time course of mechanical activation in heart muscle. When sudden load alterations-load clamps-are imposed during external shortening, it can be demonstrated that the mechanical capabilities of heart muscle in any given contractile state can adequately be described during the major portion of the external shortening phase by instantaneous length, velocity of shortening, and total force independent of time (7) . The time course of activa- BRUTSAERT. CLAES the force-velocity-length relationship could result from a unique interaction of multiple activating and deactivating variables in the shortening muscle (1, 12) . This possibility has recently been explored by analyzing the influence of caffeine (8) , which is known to alter excitation-contraction coupling (13), on the relationship; the attainment of maximum unloaded shortening velocity is delayed by caffeine until later than 40% of the time to peak force. Likewise, the force-velocity-length relationship does not achieve time independence until after this time.
The behavior of the force-velocity-length relationship in twitch contractions of heart muscle was further explored in the present experiments, in which strontium (Sr) was substituted for all of the Ca in the solution bathing cat papillary muscles. A number of studies have indicated that Sr can effectively substitute for Ca in activating skeletal (14) and cardiac (15) (16) (17) (18) (19) (20) muscle. The present findings support the observations on the influence of caffeine and indicate a close relationship between the early time courses of the force-velocitylength relationship and the rising activation of heart muscle.
Methods
Fourteen papillary muscles from the right ventricle of cats were studied. Table 1 summarizes the basic characteristics of these muscles under control conditions. Two additional muscles were used to demonstrate the performance characteristics of the experimental apparatus ( Figs. 2 and 3 ). The muscles were suspended vertically in a bath containing modified Krebs-Ringer's solution (m M ): NaCl 118, KC1 4.7, MgSO 4 -7H,O 1.2, KH.PO, 1.1, NaHCO, 24, CaCl,-6H,0 2.5, and glucose 4.5. A recovery period of 3-4 hours was allowed after removal of the muscles prior to the actual experiments. Following the control observations in this solution, the bath was washed several times with a similar solution which contained either 2.5 mM SrCl, (muscles 1-7) or 10 mM SrCl, (muscles [8] [9] [10] [11] [12] [13] [14] instead of CaCl, 6H 2 O. The muscles were allowed to reequilibrate for 2-3 hours before full stabilization was reached. Because of the slight depression of some muscles due to the sulfate, MgSO 4 was replaced by MgCl, in the Sr-containing solutions, resulting in a perfect stabilization for several hours. Replacement bf MgSO 4 by MgCl, in the Ca-containing solution did not alter the control observations. All solutions were made with double-distilled water from a quartz distiller. The solutions were bubbled with 95% 0,-5% CO,. The temperature was maintained at 29°C and the pH at 7.4. The muscles were stimulated at 12/min with rectangular pulses 5 msec in duration and about 10% above threshold. The stimulus was provided through two platinum electrodes arranged longitudinally, one on each side of the muscle. The lower nontendinous end of the muscle was held by a light phosphor bronze clip soldered to the middle of the spring of the force transducer. The tendinous end of the muscle was tied with a short (7.0 braided, noncapillary, moisture and serum resistant) thread extending upward to the electromagnetic lever system, which was mounted on a Palmer stand immediately above the bath. In all experiments, the preload on the muscle was adjusted so that the initial muscle length 
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corresponded to Ln,«, i.e., the length at which active tension development is maximum. The Lnwi value was rechecked in the Sr-containing solutions. The mean ratio of the resting tension to the total tension at Ln, M was 10.23 ± 0.56% (SE) in 2.5 mM Ca (Table 1) . As indicated previously (9, 21) , this ratio represents a reliable criterion for the selection of suitable cat papillary muscles.
ELECTROMAGNETIC LEVER SYSTEM AND FORCE GENERATION
The lever system was similar to that described previously (7) , but it had a smaller equivalent moving mass (9) . The aluminum lever (1 mm wide and 40 mm long) had a tapered end to decrease the moving mass and was cemented with epoxy resin to a coil suspended in a strong field of a permanent magnet. When a current was passed through this coil_ (Fig. 1A) , a force couple developed; its momentum (M) about the axis is given by Lorentz's law: M = Bnldl, where B = magnetic induction (Wb/m 1 ), n = number of turns, 1 = length of the coil (m), d = width of the_coil (m), and I •= current (amp). The tangential force (F) at the tip_of the lever of length L attached to the coil is given by: F = M/L. This force is always perpendicular to the lever. When a wire is suspended at the tip of the lever, the force exerted on the wire alters as the cosine of the angle a ( Fig. 1) , because F can be broken down into two components: a vertical one (same direction as the wire) and a radial one. As long as the angle a remains small enough, the vertical compo-A nent does not change considerably. Consider the lever in a horizontal position, i.e., in the middle of the displacement. Since the range of shortening of a cat papillary muscle preparation is about 2 mm, the maximum deviation from this position is ± 1 mm. From the calculation of the angle a, it follows that the error in the measured force during muscle shortening is less than 0.1%. The widespread method of winding the coil on a small metal frame was not used, since the damping of the moving coil would be too high due to the strong magnetic field and the resulting eddy currents in the frame. The windings of the coil were embedded in epoxy resin to make them self-supporting, and a small coil was used to reduce the moving mass.
The equivalent moving mass of the whole system was 155 mg. This value was measured by applying a sinusoidal current of known amplitude and frequency to the coil and recording the amplitude of the displacement at the end of the lever. The current through the coil was provided by a current source consisting of an operational amplifier and a booster (Howland circuit) (Fig. IB) . Since the current source had a very high output impedance compared with the resistance of the coil, damping of the system due to the current source was negligible. The advantage of this circuit is that both the reference voltage and the load are referred to ground. Current and, hence, force exerted on the muscle were controlled by the reference voltage, which was calibrated for step changes in force of 0.98 mN, 9.8 up to a total of 98 mN. Two reference voltage sources were used, so that the force exerted on the muscle could be switched (analogue switches) either from one level to another (load clamping) or to zero (zero load clamping).
The compliance of the system measured by imposing a known force on the lever fixed against a stop was 0.2
DISPLACEMENT TRANSDUCER
Displacement of the lever was measured 13 mm from the fulcrum with a photoelectric transducer. This transducer consisted of an incandescent lamp which was operated below the nominal voltage to reduce drift and aging, a miniature photodiode, and a preamplifier which acted as a current-to-voltage converter. The light emitted by the lamp was modulated by the displacement of the lever, and the resulting current alterations in the photodiode were converted into voltage alterations, which were recorded. Two plexiglas light-conducting pieces improved the linearity of the system, which had a linear range up to 2.5 mm of muscle shortening with an error of less than 2% full scale deflection. For a shortening range of 2 mm, the error was less than 1% full scale deflection. An active differentiator (Fig. 1C) provided the derivative of the displacement of the lever and, hence, the velocity of shortening of the muscle. The time constants (resistance-capacitance products) were 0.2, 0.1, 0.05, 0.02, and 0.01 seconds. The value 0.05 was used for the zero-load-clamp experiments. Practical considerations in differentiator design demand the addition of a small resistor (Ri) in series with the input and a small capacitor (CO in parallel with the feedback resistor (R) to reduce the capacitive load at the input and limit the sensitivity of the differentiator to high-frequency noise (Fig. 1C) . For each value of the time constant, there is an appropriate value for Ri and Cf; hence, the ratio of the highest frequency component in the input signal to the critical frequency we = 1/RiC = 1/RCf, is always smaller than 0.02, which means that phase and amplitude error can be neglected.
FORCE TRANSDUCER
The force transducer was similar to the type described in another publication (22), but its total compliance was reduced to 0.3 (im/mN.
RECORDING SYSTEM
In some muscles, force and shortening velocity were displayed as functions of length during shortening on a storage oscilloscope (Tektronix 564) and photographed with a Polaroid camera. All variables were also displayed as functions of time on a second storage oscilloscope (Tektronrx 5031). In the other muscles, all variables, both as functions of length and of time, were displayed simultaneously on one storage display unit (Tektronix 611) and photographed with a hard copy unit (Tektronix 4601).
DAMPING FORCE
The initial response to a step change in force on the lever-muscle system, e.g., when the preload was suddenly removed at the end of the latent period (zero load clamping), was an overshoot of displacement due to the release of elastic components in the muscle and the equipment. Since this system behaved like a secondorder linear system, it tended to oscillate. If the damping, frictional resistance, etc. were small, it oscillated around its equilibrium point according to an exponential sinusoidal function. The extent and the speed of the initial overshoot of the entire system generally exceeded the shortening and the shortening velocity of the active muscle shortening at zero external load. Some frictional or damping force was needed to optimize the step response by opposing the resulting momentum of the entire moving mass so that active muscle shortening velocity could predominate and become measurable over a large portion of the active shortening. Damping due to the frictional forces in the system was negligible, and resistance to active shortening within the muscle, although probably present (9, 23, 24) , was undoubtedly quite small over the length range between 87.5-100% of Lm.i (25) (26) (27) ). An additional electronically obtained damping force therefore had to be applied (Fig. ID) . Since the compliance of the lever, thread, and muscle was not a linear function of displacement, the damping force had to be not only a function of velocity but also of length. However, for the relatively small length changes in zero load clamps, a damping force that was a function of velocity alone was adequate. The displacement signal was differentiated to obtain velocity ( Fig. ID, left) . This signal was controlled by a potentiometer, buffered (Fig.  ID, middle) , and fed into an analogue subtractor (Fig.  ID, right) , which changed the sign of the controlled velocity signal (Vdamp). This signal along with the reference voltage was fed into the current source. The velocity signal acted in such a way that the force exerted on the muscle was proportional to velocity. Damping could be altered from zero, i.e., only inherent frictional forces acting on the system, to heavy overdamping.
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Damping resulting in the steepest transient response with minimum overshoot, i.e., less than 5% of the total displacement, was called "critical" damping. In most zero-load-clamp experiments critical damping was adequate for active muscle shortening velocity to predominate, but in other experiments a slight overdamping was needed. In Figure 2 , the influence of underdamping (A), critical damping (B), and overdamping (C) are shown for zero load clamps performed in both active and resting muscle. With underdamping (curve 1), the phase-plane trajectory of velocity as a function of length described a closed loop (0); the velocity changed sign during the length overshoot. Due to this length overshoot, active muscle shortening velocity on the phase-plane tracing became apparent only at short lengths where shortening velocity was low and not representative of the maximum unloaded velocity of shortening of the active muscle at zero load in the physiological length range close to L m i , . With critical damping (curve 2), the length overshoot and concomitant velocity oscillation were absent ( <5%). On the phase-plane tracing, the speed and the extent of the initial overshoot were correspondingly diminished. This initial transient was apparently solely due to the recoil of the passive elastic components of the entire muscle-lever system, since unloading the muscle at rest with the same damping resulted in the same initial velocity peak without the subsequent active velocity. In the active muscle, a secondary rise in velocity was observed as active velocity of shortening exceeded the velocity of the passive recoil. In all muscles, the damping was individually adjusted until shortening velocity during the secondary rise attained a maximum value in the length range between 87.5 and 100% of L mai (21). In the particular muscle illustrated in Figure 2 , the most suitable damping corresponded to the critical damping. In some muscles a small overdamping (curve 3) was needed to further suppress the overshoot so that maximum active unloaded shortening velocity could be obtained. Although damping as a function of velocity exerted its main effect on the high-velocity transient associated with passive recoil, it nevertheless constituted a small force during active shortening. The greater the damping force, the less nearly the force on the muscle approached zero and the less nearly the unloaded shortening velocity approached its true maximum. In these muscles, the appropriate damping was considered to be that resulting in the optimal interaction of these two opposing variables. Except with a high damping force beyond that just necessary to allow active shortening velocity to be measured between 87.5 and 100% of L^, , neither maximum unloaded shortening velocity nor the time of its achievement was critically sensitive to changes in the damping force in the range used. Figure 3 shows the response characteristics of the lever system during zero load clamps with various degrees of damping and illustrates how the adjustment of damping was performed in the active muscle.
INERTIAL FORCE
In the absence of any external load or any damping force (proportional to velocity), forces of inertia and momentum, which are proportional to acceleration and deceleration of the moving system, must also be considered in zero-load-clamp experiments. A discussion of inertial forces is relevant only with respect to the initial high-velocity elastic recoil. These forces were negligible at nearly constant active unloaded shortening velocity after the initial transient. In a few experiments, addi-tional forces proportional to acceleration of the entire moving system were applied using an additional electronic feedback system. The initial velocity transient diminished, but subsequent active shortening velocity and the onset of active unloaded shortening were not altered. Figure 4 shows the influence of the substitution of 2.5 mM Sr for 2.5 mM Ca on peak total tension, the time to peak tension of the first isometric beat following a series of isotonic zero-load-clamped contractions, maximum unloaded shortening velocity, and the time at which this maximum value is reached.
Results
SUBSTITUTION OF Si FOR C.
The onset of directly measured unloaded shortening velocity is illustrated in Figure 5 for a representative cat papillary muscle. In Ca-containing solution (Fig. 5 top) , evidence for the previously demonstrated (8) early onset was obtained by directly measuring shortening velocity at zero load. Nine zero load clamps performed at different times after stimulation and before the end of the latent period were superimposed. Active shortening velocity, following the initial highvelocity transient associated with the passive elastic recoil, climbed with time (left) along a common velocity-time path over the same length range around 90% of hm mi (right). At shorter lengths it reached a common velocity-length pathway (right) that was independent of time (left), indicating that the velocity-length relationship at zero load became independent of time when active shortening velocity attained its maximum. Hence, the forcevelocity-length relationship at zero load, where shortening is not limited by the slow time course of force generation, rose abruptly to reach time independence by 60 msec or 17.7% of the time to peak force in this example. In the two control groups of seven muscles, the mean values were 61.43 ± 1.27 msec or 15.97 ± 0.61% of the time to peak force ( Fig. 4 fourth section) and 64.01 ± 4.75 msec or 16.13 ± 1.99% of the time to peak force, respectively. The mean value of directly measured maximum shortening velocity in all muscles was 1.85 ± 0.09 L m . x /sec (N = 14) ( Table 1) .
After substitution of Sr for Ca (Fig. 5 bottom) , the attainment of maximum unloaded shortening velocity was markedly delayed. Following zero load clamps, which were imposed progressively later in time, the velocity-length trace (right) between 90 and 80% of L mai did not achieve constancy but was still rising with time (left). The true value of maximum unloaded shortening velocity in Sr-con- 
Block diagram illustrating the means of peak total tension, time to peak force (TPF), directly measured maximum unloaded shortening velocity, and the time at which this maximum velocity is attained (in % of time to peak force) in muscles 1-7 in Ca-containing solution and after substitution of 2.5 mM Sr for Ca. The vertical bars indicate ± SB. The time of the onset of maximum unloaded shortening velocity in Sr-containing solution represents both the last measurable instant when unloaded velocity was still rising with time before it became length limited (A) and the earliest time at which a load clamp perfectlymatched in a time-independent manner (B). All isometric and isotonic contractions in this study were recorded under stable isotonic conditions, i.e., they were preceded by a series of seven to ten isotonic (zero-load-clamped) contractions (28).
taining solution could not therefore be measured by this zero-load-clamping method, for it was time limited (left) up to approximately 365 msec or 38.8% of the time to peak force but was still within the same length range between 90 and 80% of L ma , (right). It became length limited, e.g., the sixth zero load clamp, before it attained its maximum level. The mean last measurable time when unloaded shortening velocity following zero load clamps was still visibly rising with time before it became length limited was 376.43 ± 20.46 msec or 32.86 ± 1.38% of the time to peak force (N = 7) in 2.5 mM Sr (Fig. 4 fourth section, A) and 295.20 ± 23.06 msec or 30.04 ± 2.79% of the time to peak force (N = 7) in 10 mM Sr. The actual values for unloaded shortening velocity at that time were 1.30 ± 0.07 L m «/sec (N = 7) in 2.5 mM Sr (Fig. 4 third section) and 1.78 ± 0.19 L^^/sec in 10 mM Sr. But clearly, at that instant, unloaded shortening velocity would have continued to rise with time had it not become limited by length. Thus, although in Sr-containing solution all absolute time relationships, e.g., time to peak force, were already markedly prolonged, the forcevelocity-length relationship at zero load rose proportionally much slower than it did in Ca-containing solution. However, despite the absence of any 
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Onset and early maintenance of directly measured shortening uelocity following a series of zero load clamps at different times after the stimulus under control conditions in Ca-containing solution {top) and after substitution of 2.5 mM Sr for Ca {muscle 4 of Table I) {bottom). On the left are shown length during shortening and uelocity of shortening as a function of time. On the right shortening uelocity is displayed as a function of length as phase-plane curues. The phase of relaxation is not illustrated. Notice the different time and velocity scales in the Ca-and Sr-containing solutions. All actiue unloaded shortening uelocity measurements in this muscle were made in the length range around 90 to 87% of L max . In Ca-containing solution, damping corresponded to critical damping. Notice the absence of any uisible length ouershoot { <5%) on the initial transient of the length-time tracing {left). In Sr-containing solution, damping was slightly less than critical. This fact explains the small initial length ouershoot on the length-time tracing {left) and the corresponding uelocity undershoot between the initial high-velocity transient and the subsequent actiue shortening uelocity. This minimum underdamping did not affect the obtained results.
demonstrable early time independence of the forcevelocity-length relationship at zero load in Sr, a time-independent portion of the force-velocitylength relationship could still be demonstrated later in time. On the phase plane of Figure 5 in Sr-containing solution, all zero-load-clamp curves perfectly coincided in their descending portions toward peak shortening despite wide differences in time (left) between the velocity traces displayed as a function of time. This delayed time independence could also be demonstrated at heavier loads. Loadclamp experiments like those extensively described elsewhere were used to test this time independence. In Ca-containing solution, the velocity-length trace following a load clamp always immediately adjusted-except for some brief transients-to that appropriate to the new load despite wide differences in the time at which a given length range was attained during shortening. In Figure 6 two experiments in which the load was suddenly reduced during shortening are illustrated after Sr had been substituted for Ca. The velocity-length trace of the clamped contraction did eventually join that of the corresponding control contraction (Fig. 6 bottom, arrows) despite marked differences in the time at which a given length was reached (Fig. 6 top,  arrows) . These findings indicate that a timeindependent force-velocity-length relationship does develop in Sr-containing solution but that it is not attained immediately. Prior to the time- Two load-clamp experiments in 2.5 mM Sr (muscle 2 of independent portion, the velocity of the clamped contraction was actually higher at any length (Fig.  6 bottom) than it was in the control contraction. Since the clamped contraction was delayed due to the initially higher load and the resulting lower speed, the force-velocity-length relationship was still rising with time. slightly influence the instant at which the forcevelocity-length relationship became constant with time. The heavier the loading conditions and, hence, the later the clamp, the later was the onset of time independence (Fig. 6 right) . When the loading conditions were reduced (Fig. 6 left) , earlier clamps could be imposed, permitting the demonstration of the earliest instant at which a perfect time-independent load clamp matching occurs. Figure 7 summarizes the results of a series of load-clamp experiments performed under vari- ous loading conditions in the same muscle. The solid circles indicate the earliest times at which the force-velocity-length relationship became constant in time. The earliest instant of time independence at the smallest loads in Figure 7 was 360 msec after the stimulus or 36.5% of the time to peak force, which is only slightly later than the last measurable point in time (350 msec or 35.5% of the time to peak force) at which unloaded shortening velocity at zero load was shown to be still rising with time when it became length limited (Fig. 5) . The mean values were, respectively, 394.29 ± 22.39 msec or 35.87 ± 1.58% of the time to peak force and 376.43 ± 20.46 msec or 32.86 ± 1.38% of the time to peak force (N = 7) in 2.5 mM Sr (Fig. 4 fourth section, A and B) and 331.00 ± 13.52 msec or 33.79 ± 2.63% of the time to peak force and 295.20 ± 23.06 msec or 30.04 ± 2.79% of the time to peak force (N = 7) in 10 mM Sr. Regardless of the load in Figure 7 , time independence was never attained prior to peak shortening. This finding is also illustrated in Figure 8 ; at two different times after the stimulus the muscle was clamped from the preload to loads intermediate between the preload and zero load. The later "instantaneous" force-peak velocity curve was shifted upward; at corresponding loads, peak velocity occurring at the same length was still rising with time. These results indicate that the application of force-peak velocity relationships in Sr-containing solutions is limited by time.
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Instantaneous force-peak velocity curves in 2.5 mu Sr (muscle 7 of Table I In a few muscles the control Krebs-Ringer's solution was replaced with a Na-free 10 mM Sr solution in which choline chloride was substituted for NaCl. Along with the known prolongation of the relaxation of a contraction in Na-free Sr-containing solution (19, 20) , the most obvious finding was the recovery of a fast onset of maximum unloaded shortening velocity and the achievement of an early time-independent force-velocity-length relationship within 20% of the time to peak force in all muscles. Although this value was still slightly longer than that in Ca-containing solution (approximately 16% of the time to peak force), it was markedly abbreviated compared with the onset in Na-Sr-containing solution (> 30% of the time to peak force). Total developed tension was slightly diminished. Values for time to peak force and maximum unloaded shortening velocity were similar to those in Na-Sr-containing solution.
Discussion
In isotonic twitch contractions of isolated, electrically excited mammalian heart muscle, the force-velocity-length relationship in Ca-containing solution rises to attain the level corresponding to a given contractile state by < 20% of the time to peak force (1, 8, 12) . This relationship is maintained thereafter at this level, its duration being partly determined by the total load or length change per se observed during that same twitch (1, 7, 12) . The universality of these findings has been demonstrated by the fact that similar observations have been made under a wide variety of conditions; the observation holds for different mammalian species (cat, rat, rabbit) at different temperatures, stimulation frequencies, and external Ca concentrations and even during anoxia (8) .
The retarded buildup of unloaded shortening velocity, the delay in the attainment of a maximum level and of a time-independent force-velocity-length relationship after substitution of Sr for Ca agrees with the results obtained in the presence of caffeine (8) . Several other similarities with the action of caffeine in Ca-containing solutions (13), e.g., the slower and markedly prolonged contractions (18) and the absence of postextrasystolic potentiation (17, 29) , along with the present findings of a retarded rise in unloaded shortening velocity and a delayed time-independent force-velocitylength relationship all favor the view that activation of heart muscle by Sr resembles Ca activation in the presence of caffeine. A slow onset of the force-velocity-length relationship, which in contrast to the situation in mammalian heart muscle is not further delayed by either caffeine or replacement of Ca with Sr (Henderson, personal communication), has also recently been observed in frog heart muscle (30) .
The experiments illustrating recovery of the fast onset of unloaded shortening velocity and an early time independence of the force-velocity-length relationship in a Na-free Sr-containing solution are also of interest. A regenerative increase in the conductance for Sr resulting in conducted action potentials in Ca-and Na-free solutions containing 10 mM Sr has been reported in cardiac muscle (19, 31) . In the resulting isometric contraction, tension rises quickly at first, clearly faster than in Na-Srcontaining solution, is subsequently maintained at almost the same level, and is ultimately followed by an extremely slow relaxation (20) . The faster onset of unloaded shortening velocity in the present study is in agreement with the faster rise of force development in the absence of Na. Both findings can be ascribed to a variable initial rapid release of Sr which is inversely dependent on the presence of Na. The slow relaxation of twitch contractions in Na-free Sr-containing solution has been attributed to a slowed rebinding of Sr to intracellular sites or to a decreased outward movement of Sr. (20) .
In contrast to a complete substitution of Sr for Ca, the addition of Sr to a solution containing the usual concentration of Ca does not slow the onset of the contraction (13, 32) . It thus appears that Ca and Sr compete to be sequestered by the sarcoplasmic reticulum, which prefers Ca. Hence, in the presence of both Ca and Sr, the subsequent contraction is rapidly activated through an initial Circulation Research, Vol. 35. September 1974 reaction in which Ca is dominant and is again activated with some latency through the slow Sr inflow through the sarcolemma. From this double activation a biphasic contraction ensues (32); the first phase %'aries with the Ca concentration, whereas the second phase mainly depends on the presence of Sr.
Since a rise in intracellular Ca concentration cannot yet be directly measured in heart muscle, as it has been in barnacle muscle (33) , the concept of active state in terms of force development or resistance to stretch (4) has been used as a mechanical indicator of activation. Unfortunately, the quantitative relationship between tension and Ca is not known and might be quite nonlinear. Voltage-clamp experiments in heart muscle have supported the existence of a Ca current which rises to a peak"early after membrane depolarization (10, 11) . It would follow that the measurement of the onset of the force-velocity-length relationship might be a more sensible mechanical index to follow activation in heart muscle. However, in a papillary muscle at least four distinct factors might determine the initial graded onset of unloaded shortening velocity measured with progressively later zero load clamps. These factors cannot be distinguished except under specific conditions.
The first factor that must be considered relates to the fact that unloaded shortening velocity is a mechanical measurement of an underlying physicochemical process of activation. Even in the absence of any external load, additional forces such as damping or frictional and inertial forces might delay the onset of unloaded shortening velocity. The minimum impact of these forces in delaying the observed phenomena has been extensively discussed in the Methods.
The second variable involved in the measurement of the onset of unloaded shortening velocity results from the complexity of the papillary muscle. Factors such as heterogeneity of the multiplefiber preparation, spiral arrangement of the individual fibers along the muscle axis (34), high compliance (35), etc. can make the analyses of such preparations rather difficult. Inhomogeneity of activation is minimized by applying mass stimulation along the entire length of the muscle. Variation in sarcomere length is reduced by using a high resting length (L maI ) and measuring all velocities within 15% below L maI (21). Compliance must also be considered, since the technique of zero load clamping requires removal of resting force, which might or might not be borne by elastic elements in the muscle. The initial transient effect of a zero BRUTSAERT. CLAES load clamp has been shown experimentally to be identical in both the resting and the activated muscle. Only the secondary velocity rise seen in activated muscle can therefore be attributed to active shortening. The initial elastic recoil does not contribute, since subsequent active unloaded shortening velocity remains the same independent of the manner through which it is achieved (9) .
The third process contributing to the early graded unloaded shortening is the gradation in activation of individual myofibrils in each fiber. Such a gradation could result from the interaction of at least two activator Ca fractions. An initial regenerative release of Ca from internal stores is triggered either electrically or by Ca itself (36) (37) (38) . A second Ca fraction entering the cell during the action potential appears to play a much smaller role in direct activation under normal conditions than does the first Ca fraction (39) . The recruitment of more myofibrils within the depth of the fiber resulting from the spread of depolarization along the T-system (25) and the diffusion distance for Ca to the myofibrils (40) might, to a negligible extent, also contribute to this early graded activation. In this respect, it could also be objected, of course, that under zero load the velocity of unloaded shortening could be the same whether the whole fiber or only a few outer myofibrils of each fiber are activated. In other words, a few myofibrils in each fiber could be shortening rapidly very early under zero load and the slower later Ca influx would build up the slower tension. Such an interpretation cannot be accepted, however, because of the results obtained in previous load-clamp experiments (7) .
The fourth process is one of inactivation by the length changes during shortening per se. Such inactivation phenomena have been extensively described in both skeletal and cardiac muscle (1), although the exact underlying mechanisms are still largely unknown. Even if these uncoupling processes are present from the onset of shortening, their relative contribution is apparently overcome by the increasing concentration of activator Ca. The impact of these processes might become evident, however, in determinations of the end of the timeindependent portion of the force-velocity-length relationship (1, 12) .
